Abstract Along with climate change, cloud-to-ground lightning (CG)-caused forest fires are becoming increasingly pronounced. This study employed the Chinese lightning location system data (2009)(2010)(2011)(2012)(2013)(2014)(2015) and worldwide lightning location network data (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015) to jointly analyze CG characteristics and study the correlation between CG and climate change. The Muli county in southwest China was taken as research area. The CG number showed a clear increasing trend on yearly timescale. At the monthly timescale, CG occurred from March to October, with a peak in June. At the daily timescale, 15:00-23:00 (local time) and 00:00-05:00 both had a high CG frequency, and the peak was at 18:00-19:00. We divided CG electric current intensity into six grades and found that negative CG accounted for more than 90% of total CG and, among these, the 3rd and 4th intensity grades accounted for about 70%. To examine the spatial distribution, we focused on lightning-caused forest fires high occurrence seasons. In spring, CG distribution changed from the initial southeast to the northwest, gradually spreading to the whole area of Muli, whereas the CG area gradually moved back to the southeast in autumn. Our research suggested that minimum temperature was the most sensitive temperature to CG change. In March, the relationship between CG and minimum temperature showed a strong positive correlation. Considered jointly, we suggest the CG and related lightning-caused forest fires could increase in the future under an increased minimum temperature and decreased precipitation, especially in March.
and Toumi 1997). Some researchers have suggested that in-cloud electrification and corresponding lightning activities can influence the climate (Williams 2012) ; the generated gases such as oxynitride and tropospheric ozone are greenhouse gases that will contribute to further climate change (Price 2013; Sinha and Toumi 1997) .
The above discussions indicate that the climate change or warming affects lightning activities and causes CG increase, which has been certified by statistical methods and numerical modeling; although the amount of increase may not be sufficiently large or consistent between areas, the accompanying results, such as lightning-caused forest fire, are likely to produce ecological disasters. In turn, more greenhouse gases will be released by increased lightning activities, which is also likely to accelerate climate warming at the global or regional scale. In brief, there are very close relations between climate change and lightning, or warming and CG.
Based on this relationship, research studies carried out detailed analyses. They found that temperature was the most important factor on CG, and they were in good accord with each other over different temporal scales (Williams 2015) ; however, at the longer timescales, a weaker sensitivity relation was observed between them (Pinto and Pinto 2008; Williams 2005 ). In the northern hemisphere, the change of CG was connected with wet bulb temperature (Reeve and Toumi 2010) , and it was also related to season, location, time of day (Price and Rind 1994) , precipitation (Sang and Gong 2015) , and convective available potential energy (Romps et al. 2014) . Furthermore, CG was relative to quantity of heat, humidity, terrain (Kochtubajda et al. 2006; Liu et al. 2014) , in-cloud water content (Zhang et al. 2017) , radar echo intensity, and altitude (Mecikalski and Carey 2017) .
The situation varied from place to place, but may also have the same trend. Under the background of climate change, the number of CG occurrences also increased in China; the northeast and southwest areas are the main natural forest coverage areas, and an increasing amount of lightning-caused forest fires occurred in these regions. For instance, Heilongjiang province (which is located in northeast China) had the greatest number of lightningcaused forest fire during 1999-2007 in China, closely followed by Sichuan province (which is located in southwest China) (Wang 2009 ). Furthermore, the lightning-caused forest fire in Muli county, Sichuan province, accounted for 35% of the total forest fires during 2005 (Deng and Xia 2009 . In this paper, we take Muli as an example to analyze the main spatial and temporal distribution of CG and the correlation between CG and climate change.
Introduction to the Muli region
The Muli Tibetan autonomous county (100°03′-101°40′E, 27°40′-29°10′N) is located in the southeast margin of the Qinghai-Tibet Plateau and the Hengduan mountains in its center. The administrative region of the county is 13,246.38 km 2 ; it is about 160 km wide from west to east and about 170 km long from north to south. The east crosses Yalong river, west reaches to mount Gongga Mountain, south reaches Jinsha river, and Ganzi is located to its north. The county represents the transition zone between the Yungui Plateau and the Qinghai-Tibet Plateau, and the whole county includes three major landforms, namely the mountain plains in the northwest, the deep cut mountain in the southeast, and the mountain in the southwest. Muli county is the largest forestry county in the southwest China; forest resources are rich with a forested land area of 941,400 ha. Within this area, there is a natural forest area of 796,200 ha (85%) and plantation area of 145,200 ha (15%); the forest coverage is 67.3%, and the living wood growing stock is 177.65 million m 3 (Deng 2011 ). It is not only an important source of water conservation in the upper reaches of the Yangtze river, but also one of the few remaining virgin forests in China.
Along with climate change, forest fires as a very common forest hazards have increased pronouncedly in recent years. The statistics showed that there were 60 times forest fire occurred in this area between 2005 and 2008, 45 of which were identified, while these 45 times, 21 of them was caused by lightning, i.e., CG, accounting for 46.7% (Deng and Xia 2009) . For the sake of defense against lightning-caused forest fire, CG should be investigated primarily.
Data introduction
Two sources of CG data were used in this research. The first was the lightning location system (LLS) data of the Meteorological Observation Center of China Meteorological Administration, from which we can obtain information of CG occurrence time, intensity, and location. However, the LLS is new in China, and the starting year of Muli is 2009, representing only a short time series, so we employed the data of worldwide lightning location network (WWLLN) to supplement the LLS, jointly investigating CG characteristics in Muli. The WWLLN data began in 2005, and the ending year of both datasets was 2015. Therefore, we received more than 10 years of CG data. However, there are two problems associated with the WWLLN data. Firstly, it includes not only CG information but also in-cloud and cloud-to-cloud lightning, and they cannot be clearly distinguished, so we regarded about a fourth of the data as CG and the remainder as in-cloud or cloud-to-cloud lightning, as averagely cloud flashes are 3 times than that of CG (Rakov et al. 2004 ). In addition, the detection efficiencies of WWLLN and LLS have increased as the network has grown, and these data have been found to detect nearly every lightning-producing storm (Jacobson et al. 2006 ), but neither of the two data sources can be considered fully accurate. Therefore, the two sources of data were used to testify each other and analyze on the basis of CG trend rather than specific values. Furthermore, lightning disasters in the Muli natural forest area, mainly showed as forest fire, rarely occurred in summer and winter (Deng and Xia 2009; Deng 2011 ), so we focused on the time period of spring and autumn. Summer was only considered when we investigated the CG-climate relationship and hourly CG distribution, and winter had no thunderstorms and thus is not considered in this study.
The climate data were taken from the Muli meteorological observation station (since 1960) and included air temperature, precipitation, wind, pressure, and humidity. Figure 1 shows the CG distribution from 2005 to 2015; the LLS data in 2013 were missing. This indicates that the number of CG occurrences according to the WWLLN data was larger than that of LLS; the annual total CG number was about 10,000 based on WWLLN and about 8000 according to LLS. Both datasets present a clear increasing trend with R 2 (trend line was ignored) values of 0.84 (WWLLN) and 0.49 (LLS) before 2013. After 2013, the increasing trend of LLS is less than that of WWLLN. Over the whole time period, WWLLN data show an overall increasing trend (R 2 = 0.79). Excluding the slight decreasing trend in summer, the other three seasons all showed the CG number increasing with time, especially in winter. However, the values were small, even zero, in winter, and no lightning-caused disasters occurred, so winter conditions are not discussed further. Figure 2 shows the CG change in spring and autumn according to the long-term WWLLN dataset; the ordinate represents the monthly average CG number in each season.
CG spatial and temporal distribution in Muli

Temporal distribution
An increasing trend was shown in spring (R 2 = 0.66) and autumn (R 2 = 0.62). Although the LLS data were limited in time period, it showed a similar increasing trend (figure not shown).
The above analyses suggest that CG number has had an increasing trend for nearly 10 years, which was particularly apparent in the spring and autumn.
We employed the LLS data to examine the monthly distribution because its target is to detect CG specifically rather than including in-cloud and cloud-to-cloud lightning observed by WWLLN. As such, the smaller the timescale we research, the more accurate the CG provided by LLS. The annual monthly total value distribution is shown in Fig. 3 . The maximum occurred in June, and summer (from June to August) was the season with the most frequent CG events (the magnitude was about 2000-3000 each Furthermore, we analyzed CG number at the hourly timescale in different seasons (Fig. 4) . For the reasons discussed above, the LLS data were used rather than the WWLLN. This figure indicates that, in different seasons, CG number in hourly timescale seems to have a similar trend. There are two peak periods in 1 day. The first was afternoon to night, from about 15:00 (presented throughout as local time, UTC time + 8) to 23:00, accounting for 86.1% of the total in spring, 78.9% in summer, and 60.6% in autumn. The second was the following morning from 00:00 to 05:00; the corresponding ratio is 9.0, 10.5, and 19.8% in spring, summer, and autumn, respectively. The peak occurred at about 18:00-19:00; the number of CG occurrences in this single hour accounted for 22.6% of the total in spring, 11.6% in summer, and 8.8% in autumn. Moreover, CG occurrences were rare during the morning until noon. 
Intensity distribution
Although detailed values of CG electric current can be obtained in the LLS dataset, we focused on the change trend, so we set six intensity grades, and found their numerical distribution (Table 1) . Most CG was negative CG, accounting for 90.7% of total CG, and the majority of negative CG electric current values were centered between − 60 and − 20 kA (grades 3 and 4), which accounted for nearly 70% of the total negative CG. In contrast, the numerical zones between − 20 and 0 kA (grades 1 and 2) and < − 60 kA (grade 5) were relatively small, each accounting for about 15% of negative CG.
Spatial distribution
The LLS data were employed to analyze spatial distribution of CG. Of course, different seasons result in different distributions, so we first divided the data by season and focused on the spring and autumn. The annual average spatial distribution in spring (March, April, and May) is shown in Fig. 5 . In the figure, the terrain shape in the center is the Liangshan Yi autonomous prefecture, and Muli county is located in the northwest corner, as shown by the boxed area. Furthermore, the numbered locations indicate CG occurrences, and the numerical values represent the CG intensity grades of the event (Table 1) .
Studies have already indicated that CG is affected by temperature. In the current study, the first CG occurred in the southeast area of Muli in March (a relatively cold month of spring); however, these occurrences were not located in the south (Fig. 5a ) because of the terrain distribution. Most of Muli is mountainous, but the elevation difference is very large; the elevation gradually increases from the southeast to the northwest and the height difference is more than 4000 m. Therefore, a considerable temperature difference is caused by this elevation difference, and in the same season, the warmest area is in the southeast, not the south, and temperature is lowest in the northwest. With gradual warming in April and May (shown in Fig. 5b, c, respectively) , the main part of CG gradually began to move southward and, in the whole north area, the number of CG events increased gradually from east to west. This also indicates that the distribution of CG is affected by temperature, topography, and other factors jointly. In terms of the total number of CG events, April is 4.9 times greater than March, and May is 2.9 times greater than April. In addition, the intensity grade is consistent in spring, maintaining at 2, 3, or 4; the majority is 3. As the most frequent month of spring, the CG intensity in May (Fig. 5c ) reflects a trend of gradual decrease from the southeast to the northwest, that is from grade 3 to grade 2.
In autumn, September appears to have maintained CG activities throughout Muli (Fig. 6a) . In October, CG number in the north decreased clearly to only about 27.2% of September and most CG occurrences were located in the south area (Fig. 6b) . The intensity grade remained at 3 and 4. And as the most frequent month of autumn, the CG intensity in September (Fig. 6a ) reflects a trend of gradual decrease from the east and southeast to the west and north, that is from grade 4 to grade 3. 
The relationship between climatic factors and CG
The timescale has to be considered when assessing the relationship between climatic factors and CG. The yearly time period is too coarse to analyze in detail, but for hourly timescale, only the LLS data can be used, and thus, the sample quantity will be too small. Therefore, we carefully investigated the monthly timescale here (i.e., the relationship between monthly meteorological factors and CG change), focusing on air temperature and precipitation, which are the most widely assessed climate change factors.
Air temperature and CG
The investigation into the monthly air temperature (including average, maximum, and minimum values) and monthly total CG number showed that there may not be unified conclusions based on every 12 months. However, at the seasonal scale, in early spring (March), mid-summer (July), and min-autumn (October), the following relatively consistent conclusion was found: regardless of whether the CG data were from LLS (6 samples for 2009-2012 and 2014-2015) or WWLLN (with 11 samples during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] , both showed a positive correlation with air temperature change. These data are presented in Figs. 7, 8, and 9. These figures indicate that monthly total CG number presents positive relative to temperature. Among them, the correlation of CG from LLS is larger than that of CG from WWLLN. In the LLS data, the relationship of CG-minimum temperature in March was strongest, with monthly correlations decreasing in the order March (R 2 = 0.7215) > July (R 2 = 0.5822) > October (uncorrelated). For maximum temperature, the corresponding order was July (R 2 = 0.7865) > October (R 2 = 0.7018) > March (R 2 = 0.6612). For average temperature, the descending order changed to March (R 2 = 0.7628) > July (R 2 = 0.7524) > October (0.4648). As a whole, the strongest correlations between CG and minimum or average temperature both occurred in March, especially for the correlation of CG and minimum temperature. The CG data from WWLLN of March also presented the same conclusion, and the corresponding R 2 was 0.5851. The descending order for this dataset was as follows: March (R 2 = 0.5851) > July (R 2 = 0.5233) > October (uncorrelated). This clearly indicates that there was a strong positive correlation between CG and minimum temperature.
Precipitation and CG
In the same way, correlations between CG and precipitation were investigated. In some months, the number of CG occurrences presented positive correlations with precipitation. The greatest correlation was in June and August; however, no lightning-caused forest disasters are likely to occur in these months, since summer is a very wet period in south China, and thus, these months were not considered here. As stated above, the focus was on spring and autumn (March and October, respectively) as shown in Fig. 10 . Figure 10a presents the CG-precipitation correlation in March with CG from the LLS dataset as the WWLLN dataset showed no clear relation between CG and precipitation in this month. Figure 10b presents the corresponding correlation in October using CG data from WWLLN because the CG-precipitation relationship was unclear in the LLS dataset. According to the correlations presented in Fig. 10, R 2 was 0.5334 in March and 0.3205 in October, indicating that there were weaker relationships between CG and precipitation than between CG and temperature.
Temperature and precipitation change and the corresponding CG trend
It is well known that the most outstanding reflection of climate change is the growth of minimum temperature and there is no exception in Muli (Fig. 11) . Meteorological observations from 1960 to 2016 were used to show the clear increasing trend of three kinds of temperature: the minimum temperature increases fastest (R 2 = 0.771 in March and R 2 = 0.476 in October, shown in Fig. 11a, b , respectively, the same below), followed by average temperature (R 2 = 0.6084 in March and R 2 = 0.443), and the maximum temperature (R 2 = 0.4030 in March and R 2 = 0.431 in October).
Fig. 10
Correlation between CG and precipitation in a March with CG data from LLS, and b October with CG data from WWLLN Figure 11 suggests that continuous increasing temperature in March and October, especially in the minimum temperature increase, will produce more CG, and as such an increased number of forest fires should thus be regarded as a key concern under climate change, especially for the early spring, the month of March.
For the relationship between CG and precipitation, another important climate change factor, the correlation was far less than that of CG and temperature. In March and October, CG precipitation presented a weak negative relation, leading to the fact that CG number might be increase followed by decreasing precipitation. The precipitation change in Muli is shown in Fig. 12 . The change trend was the same in October and March (i.e., taking the year of 1990 as a boundary before which the precipitation increased and after which it decreased slightly). After 1990, the decreasing trend in October was R 2 = 0.06 and that of March was larger at R 2 = 0.11. This allows us to say that there has been a slight decreasing trend in the change of precipitation in recent years, indicating that the CG number may increase, especially in March.
And considering jointly, CG events of Muli will very closely increase by increasing minimum temperature and meantime decreasing precipitation in recent years, especially in March in early spring, and October in mid-autumn also should be paid attention to. 
Conclusions and discussion
The main areas of natural forest in China are in the northeast and southwest. In recent years, natural forests have been destroyed under environmental change. Natural hazards in forests, such as natural fires with the majority being lightning-caused forest fire, are non-negligible (Lampincabaret et al. 2002) . This has been studied much in northeast China, but research in southwest China was limited because of the relatively wet climate. Along with drought and warming, lightning-caused forest fires have become increasingly prevalent in areas of southwest China, such as Sichuan province, such as Muli (Deng and Xia 2009 ). This paper investigated CG occurrences, one of the most necessary conditions of these natural fires. By assessing the distribution of CG, we indicated key spatial and temporal ranges of lightning-caused forest disasters; based on the relationship between CG temperature and CG precipitation, the most sensitive climate change factor on CG was found and possible future change of CG in Muli was also indicated. The detailed conclusions are:
1. The CG temporal distribution showed that cloud-to-ground lightning activities increased yearly (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) in the Muli natural forest area in southwest China. In the spring and autumn period when lightning strikes disasters (especially for lightning-caused forest fire) are relatively frequent, CG number also increased yearly. On a monthly basis, summer (June, July, and August) was the main season for CG events, followed by autumn (September, October, and November) and spring (March, April, and May), whereas CG in winter remained rare. Furthermore, at the daily timescale, there were two peaks in every lightning strike day (i.e., the local time 15:00-23:00 and 00:00-05:00, and the number of CG events at local time 15:00-23:00 was substantially greater than at 00:00-05:00, with a peak number occurring at 18:00-19:00). For Muli, CG disasters should be actively defended against in spring and autumn, because lightning-caused forest disasters cannot easily occur in summer under the wet conditions. On lightning strike days, afternoon and before dawn should be the important defense periods, especially for time period of 18:00-19:00. 2. The CG intensity distribution suggested that most CG was negative CG, accounting for more than 90% of total CG, and the electric current of these negative CG events was between grades 3 and 4 (absolute value was between 20 to 60 kA). This not very large, not very small range accounted for nearly 70% of total negative CG occurrences is likely to be the main part of lightning that could cause disasters. 3. The CG spatial distribution was divided by season, and this research focused on spring and autumn. For spring (March-May), the CG occurrences initially took place in the southeast low elevation area, then gradually extended to the high elevation area of northwest Muli, indicating that CG distribution was affected not only by temperature but by terrain. For autumn, from September to October, the distribution center of CG gradually shifted from the whole area of Muli to southeast low elevation area. While whether in spring or in autumn, the intensity grade of CG remained between 2 and 4, and other grades did not appear. In relative warm months in each season, CG high intensity grade, such as grades 3 and 4, were easily concentrated in the east (September of autumn, mainly for the grade 4) and the southeast (May in spring, mainly for the grade 3) region. On the whole, CG events were concentrated in the southeast in both spring and in autumn and moved to northwest gradually with warming. This should be paid attention under CG disaster defense.
3
4. The analysis of the relationship between CG and main climate change factors indicated that there were strong positive correlations between CG and air temperature, especially for early spring (March), mid-summer (July), and mid-autumn (October), and March and October both are high-incidence months of lightning-caused forest disasters. The average minimum temperature in March and corresponding CG number have the strongest correlation of those studied, presenting same clear increasing and decreasing trends. The relationship between CG and precipitation is much less than that of CG and temperature; it presents weak negative correlation in March and October. Based on climate observations, we drew the conclusion that along with the joint influence of increasing minimum temperature and the slight decrease in precipitation, CG in Muli is very likely to increase in the future, so the number of forest fire caused by lightning is also likely to increase (Larjavaara et al. 2005; Flannigan and Wotton 1991) . So the minimum temperature change should be regarded as a key indicator of CG in March and October, and the minimum temperature change should be closely assessed during these months.
Although clear conclusions were drawn, some explanations should be listed here. Firstly, the LLS data in China is short term and lacks systematic scientific testing. We employed WWLLN to assist; however, this dataset itself has problems, for example, it cannot distinguish cloud-to-ground lightning, in-cloud lightning, and cloud-to-cloud lightning. Therefore, in this paper we focused on the trend rather than specific values. Secondly, when the correlation between CG and climate factors was analyzed, we used observational climate data from a single observational station which ensures objectivity; however, the corresponding CG data covered the whole area CG in Muli. In theory, average temperature and precipitation over the whole area should be used, which would require the use of simulations from a regional climate model, for instance, the Regional Climate Model system, RegCM, which has been widely used in China. However, even in this case, some new uncertainties would occur. So it was not conducted here.
